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APPARATUS AND METHOD FOR RAMAN
GAIN SPECTRAL CONTROL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. Pat. application

Ser. No. 10/454,773 filed Jun. 3, 2003, which claims the
benefit of U.S. Provisional Application No. 60/385,921, filed
Jun. 4, 2002.

TECHNICAL FIELD OF THE INVENTION

The present invention relates, in general, to the field of
optical commumnications, and in particular to, an optical trans-
port system that uses Raman optical amplifiers. In particular
the invention teaches an apparatus and method to provide
initial tuning of a Raman pump module. In the present inven-
tion, improvements to Raman gain control are taught in order
to provide for an advantageous Raman gain spectral profile.

BACKGROUND OF THE INVENTION

A goal of many modem long haul optical transport systems
1s to provide for the eflicient transmission of large volumes of
voice traific and data traific over trans-continental distances
at low costs. Various methods of achieving these goals include
time division multiplexing (TDM) and wavelength division
multiplexing (WDM). In time division multiplexed systems,
data streams comprised of short pulses of light are interleaved
in the time domain to achieve high spectral efficiency, high
data rate transport. In wavelength division multiplexed sys-
tems, data streams comprised of short pulses of light of dii-
ferent carrier 1Irequencies, or equivalent wavelength,
co-propagate 1n the same fiber to achieve high spectral eifi-
ciency, high data rate transport.

The transmission medium of these systems 1s typically
optical fiber. In addition there 1s a transmitter and a receiver.
The transmitter typically includes a semiconductor diode
laser, and supporting electronics. The laser may be directly
modulated with a data train with an advantage of low cost, and
a disadvantage of low reach and capacity performance. After
binary modulation, a high bit may be transmitted as an optical
signal level with more power than the optical signal level 1n a
low bit. Often, the optical signal level 1n a low bit 1s engi-
neered to be equal to, or approximately equal to zero. In
addition to binary modulation, the data can be transmitted
with multiple levels, although 1n current optical transport
systems, a two level binary modulation scheme 1s predomi-
nantly employed.

Typical long haul optical transport dense wavelength divi-
sion multiplexed (DWDM) systems transmit 40 to 80 10
channels at Gbps (gigabit per second) across distances of
3000 to 6000 km 1n a single 30 nm spectral band. A duplex
optical transport system 1s one in which traffic 1s both trans-
mitted and recerved between parties at opposite end of the
link. In current DWDM long haul transport systems transmiut-
ters different channels operating at distinct carrier frequen-
cies are multiplexed using a multiplexer. Such multiplexers
may be implemented using array waveguide grating (AWG)
technology or thin film technology, or a variety of other
technologies. After multiplexing, the optical signals are
coupled 1nto the transport fiber for transmission to the receiv-

ing end of the link.

At the recerving end of the link, the optical channels are
de-multiplexed using a de-multiplexer. Such de-multiplexers
may be implemented using AWG technology or thin film
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technology, or a variety of other technologies. Each channel 1s
then optically coupled to separate optical receivers. The opti-
cal receiver 1s typically comprised of a semiconductor pho-
todetector and accompanying electronics.

The total link distance may 1n today’s optical transport
systems be two different cities separated by continental dis-
tances, from 1000 km to 6000 km, for example. To success-
tully bridge these distances with suificient optical signal
power relative to noise, the total fiber distance 1s separated
into fiber spans, and the optical signal 1s periodically ampli-
fied using an 1n line optical amplifier after each fiber span.
Typical fiber span distances between optical amplifiers are
50-1000 km. Thus, for example, 30 100 km spans would be
used to transmit optical signals between points 3000 km
apart. Examples of inline optical amplifers include erbium
doped fiber amplifers (EDFAs) and semiconductor optical
amplifiers (SOAs).

Alternatively, a Raman optical amplifier may be used to
boost the optical signal power. Most Raman optical amplifiers
comprise at least one high power pump laser that 1s launched
into the fiber span. Through the nonlinear optical process of
stimulated Raman scattering in the S10,, of the glass of the
fiber span, this pump signal provides gain to the optical signal
power. A Raman amplifier may be co-propagating or counter-
propagating to the optical signal, and a common configura-
tion 1s to counter-propagate the Raman pump. A Raman
amplifier may be used alone, or in combination with an alter-
nate example of an 1inline optical amplifier, such as an EDFA.
For example, a Raman amplifier may be used 1n conjunction
with an inline optical amplifier to accommodate high loss
spans and to bring the net span loss within an allowable
system dynamic range.

The gain profile of Raman gain 1n an optical fiber 1s not
spectrally flat, and 1t would be desirable to achieve control
over the Raman pump source 1n order to achieve a spectrally
flat Raman gain. It 1s further desirable to be able to control the
gain profile of the Raman gain 1n order to achieve a spectral
dependence that may not necessarily be flat, but may be
advantageous 1n other regards.

The power of the Raman pumps can be designed (e.g. by
simulations) to vield flat (or arbitrarily shaped) gain for a
nominal (typical) fiber span. But two parameters of the real
fiber are random and unknown: 1) the wavelength dependent
coupling loss between pump laser and fiber input and 2) the
wavelength dependent loss of the fiber. To compensate for
these unknowns, the pump powers need to be adapted.

One way to obtain the correct pump power values 1s to
measure the spectral gain shape and adapt the power values
for flat gain shape. But that requires expensive channel power
monitors (measuring wavelength resolved power values) 1t
also requires signals present at all wavelengths which may not
be possible in some systems where all channels are not
equiped. The present mvention discloses a solution that 1s
based on simple (overall) power measurements and only
requires a single channel 1n the system to be active.

SUMMARY OF THE INVENTION

In the present invention, improvements to Raman gain
control are taught 1n order to provide for an advantageous
Raman gain spectral profile.

In one aspect of the invention, an apparatus to achieve a flat
Raman gain profile 1s taught using a plurality of Raman pump
lasers.

In another aspect of the invention, an apparatus to achieve
an advantageously shaped Raman gain profile i1s taught using
a plurality of Raman pump lasers.
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In another aspect of the invention, a method to achieve a flat
Raman gain profile 1s taught using a plurality of Raman pump
lasers.

In another aspect of the invention, a method to achieve an
advantageously shaped Raman gain profile 1s taught using a 5
plurality of Raman pump lasers.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the features and 10
advantages of the present invention, reference 1s now made to
the detailed description of the invention along with the
accompanying figures in which corresponding numerals 1n
the different figures refer to corresponding parts and 1n which:

FIG. 1 1s a schematic illustration of a Raman gain control 15
apparatus to achieve an advantageously shaped Raman gain
spectral profile.

FIG. 2 1s a flow chart of a Raman gain control method to
achieve an advantageously shaped Raman gain spectral pro-
file. 20

DETAILED DESCRIPTION OF THE INVENTION

While the making and using of various embodiments of the
present invention are discussed in detail below, 1t should be 55
appreciated that the present invention provides many appli-
cable 1inventive concepts which can be embodied 1n a wide
variety ol specific contexts. The specific embodiments
described herein are merely illustrative of specific ways to
make and use the invention and do not delimit the scope of the 3
invention.

In FIG. 1 1s shown a block diagram of a Raman gain control
apparatus to achieve an advantageously shaped Raman gain
spectral profile. The Raman gain control apparatus comprises
a plurality of Raman pump lasers. Shownin FI1G. 1 are Raman 35
pump laser 102 and Raman pump laser 104. Raman pump
laser 102 and Raman pump laser 104 are optically coupled to
wavelength selective coupler 106. Wavelength selective cou-
pler 106 1s further optically coupled to fiber span 108 and
optical tap 110. The apparatus also comprises optical power 40
meter 112, and a Raman gain control unit 114. In FIG. 1 1s
shown optical tap 120 and optical power meter 122. Power
meter 122 1s coupled to control unit 114 by communication
link 140. Optical tap 120 1s coupled to the opposite end of
fiber span 108 from wavelength selective coupler 106. Also 45
shown for reference in FIG. 1 1s 1n-line optical amplifier 132
and in-line optical amplifier 134.

Raman pump laser 102 and Raman pump laser 104 may be
implemented as a sufficiently powertul laser such as a high
power semiconductor diode lasers, or a plurality of high 50
power semiconductor lasers. The plurality of high power
semiconductor lasers may be of the same wavelength. In the
context of this invention, 1t will be understood that Raman
pump laser 102 and Raman pump laser 104 will be purpose-
tully at different wavelengths to provide uniform or otherwise 55
tallored Raman gain across a broad spectrum. It should be
noted that while FIG. 1 shows a preferred embodiment with
two Raman pump lasers with respectively two emission
wavelengths, this ivention allows more than two Raman
pump lasers with more than two emission wavelengths. 60

Wavelength selective coupler 106 may be realized as a thin
f1lm optical coupler or other technology so long as the optical
coupler acts to couple the Raman pump laser signals into to
fiber span 108, while allowing the optical data signal to pro-
ceed from fiber span 108 towards in-line amplifier 134. Opti- 65
cal fiber span 108 may be implemented using optical fiber,
and 1n a preferred embodiment 1s single mode fiber such as

4

SMF-28 or LEAF. Typical distances for fiber span 108 are
75-125 km. In a preferred embodiment of the invention, a
Raman amplifier can be used on every link 1n the transmission
system to reduce the amplifier noise figure and enable more
spans for the longer fiber spans with higher losses.

Optical tap 110 and optical tap 120 may be fused couplers,
or thin film couplers. Alternatively, wavelength selective cou-
pler 106 may be a circulator. Optical power meter 112 and
optical power meter 122 may be a calibrated photodiode.
Raman gain control unit 114 may be a microprocessor, or
microcomputer, and fulfills the feedback loop between the
optical power meter 112, optical power meter 122 and Raman
pump laser 120. In particular, feedback loop 140 connects
optical power meter 122 and Raman gain unit 114. In a
preferred embodiment, feedback loop 140 may be 1mple-
mented though the optical service channel of the optical
transport system. Examples of inline optical amplifier 132
and optical amplifier 134 include erbium doped fiber ampli-
fiers (EDFAs) and semiconductor optical amplifiers (SOAs).
Potentially a discrete Raman amplifier may also be used for
in-line optical amplifier 132 and in-line optical amplifier 134.

FIG. 1 may now be used to understand the operation of the
ivention to control the spectral dependence of the Raman
gain. For example, to achieve a spectrally flat gain, two pump
wavelengths may be used with the correct relative power ratio
between Raman pump laser 102 and Raman pump laser 104.
However, power losses 1n the pump coupling components, for
example wavelength selective coupler 106 and fiber losses,
can be wavelength dependent, causing the signal from Raman
pump laser 102 to be attenuated differently than the signal
from Raman pump laser 104. If the relative pump launch
powers are not adjusted to take 1mnto account these loss varia-
tions, this can lead to a non-flat Raman gain spectrum.

Consider first the case where both Raman pump laser 102
and Raman pump laser 104 are turned ofl. For an optical
signal, at A signal traveling from optical tap 120 to optical tap
110, the inherent loss 1n the fiber span 1s equal to L,=P,/P,
where P, 1s the power as measured 1n optical power meter 112
and P, 1s the power as measured 1n optical power meter 122.
Raman gain control umt 114 1s programmed to calculate L,
based on power measurements from optical power meter 112
and optical power meter 122 when Raman pump laser 102
and 104 are off.

—

T'he second case 1s where Raman pump laser 102, operat-
ing at wavelength A, 1s turned on with power P, (A,). The
power of the optical signal 1s again measured with optical
power meter 112 and optical power meter 122. The loss 1n the
fiber span 1s again calculated as L.,=P,/P,. Due to the gain
from the Raman pump laser 102, L, 1s smaller than L. After
coupling losses L_(A,), the Raman pump power coupled into
fiber span 108 1s L_(A, )P, (A, ). Theoretically, the Raman gain
due to the presence of Raman pump laser 102 1s given by the
CXpression:

G, =exp lgﬁberi‘” (hsfgnaf—hl)Lc(hl)Leﬁ(hl)J

where g, 1s the power normalized peak Raman gain coet-
ficient of fiber span 108, and r(A,,,, ..~ ) 1s the relative gain
coetlicient at the wavelength separation A, ,~A,. In prac-
tice the value of G,=L./L,. The power meter measurements
provide a value GG, to Raman gain control unit 114. Lefi(A, ) 1s
the effective fiber length at wavelength A, which is calculated
as LA )=(1-exp(-a(A,)*Lg,,, )V o(h,) where L, 1s the
length of the fiber span and a(A,) 1s the fiber attenuation
coetficient at wavelength A, .

The third case occurs as Raman pump laser 102 1s turned
off and Raman pump laser 104 1s turned on, operating at
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wavelength A, with power P, (A,). The power of the optical
signal 1s again measured with optical power meter 110 and
optical power meter 122. The loss 1n the fiber span 1s now
calculated as L.=P,/P,. Due to the gain from the Raman
pump laser 104, L, 1s smaller than L. After coupling losses
L _(A,), the Raman pump power coupled into fiber span 108 1s
L_(A,)P,(A,). Theoretically, the Raman gain due to the pres-
ence of Raman pump laser 104 1s given by the expression:

G,=exp L%’ fiber! (hsignaf_ M) L(Ao)Pr(ho)L eﬁ(}’ﬂ) J

where g, . 1s the power normalized peak Raman gain coet-
ficient of fiber span 108, and r(A;,,.; _5) 18 the relative gain
coeflicient at the wavelength separation A, ~A,. L 4{(A,) 18
the effective fiber length at wavelength A, which 1s calculated
as LA A,)=(1-exp(-a(r,)*Lg,., ) (A, ), where L, . 1s the
length of the fiber span and a.(A,) 1s the fiber attenuation
coellicient at wavelength A,. In practice the value of G,=L/
L,. The power meter measurements provide a value G, to
Raman gain control unit 114.

From G, and G,, Raman gain control unit 114 will now
calculate the ratio between the coupling and fiber losses for
the two pump wavelengths:

Legr (A1 )Lc(Ay)
Loyr(A)Le(A)

H(Gl) F(A-signmf _/11) PL(A-I)
In(G2) rAsignat —A2) Pr(Az)

“r” 1s the Raman coellicient and 1s taken as a known value
which 1s independent of fiber type. Raman gain control unit
114 will use this loss ratio to adjust the relative power of
Raman pump laser 102 to Raman pump laser 104 to vyield a
correct power ratio in {iber span 108 to achieve a flat Raman
gain spectrum. The optimum ratio of the pump powers 1s
determined based on simulations. These ratios depend on the
fiber type, the wavelength range, span lengths and other
parameters. The method described 1s used to ensure that these
power ratios are true at the input to the fiber and also takes into
account varying wavelength dependent span losses.

As will be clear to one skilled 1n the art, 111t 1s advantageous
produce a tilted Raman gain spectrum, with higher gain at
etther A, or A, then Raman gain control unit 114 can be
programmed to adjust the relative powers to provide a tilted
Raman gain spectrum. Additional Raman pump lasers and
additional G measurements provide additional data to Raman
control umt 114 and may be used to provide more compli-
cated Raman spectral gain profiles.

In FIG. 2 1s a flow chart illustrating a method of Raman
gain control 1n accordance with one aspect of the ivention.
The method comprises a first step 210 of measuring the inher-
ent loss of a fiber span 108 at a signal wavelength. For an
optical signal traveling from optical tap 120 to optical tap 110,
the inherent loss 1n the fiber span 1s equal to L,=P,/P, where
P, 1s the power as measured 1n optical power meter 112 and P,
1s the power as measured 1n optical power meter 122. Raman
gain control unit 114 1s programmed to calculate L, based on
power measurements from optical power meter 112 and opti-
cal power meter 122.

The method further comprises a second step 212 of mea-
suring the gain, G, of a fiber span due to a first Raman pump
laser 102. Raman pump laser 102, operating at wavelength A,
1s turned on with power P,(A,). The power of the optical
signal 1s again measured with optical power meter 112 and
optical power meter 122. The loss 1n the fiber span 1s now
calculated as L,=P,/P,. Due to the gain from the Raman
pump laser 102, L, 1s smaller than L. After coupling losses

10

15

20

25

30

35

40

45

50

55

60

65

6

L _(A,), the Raman pump power coupled into fiber span 108 1s
L_(A,)P,(N,). Theoretically, the Raman gain due to the pres-
ence of Raman pump laser 102 1s given by the expression:

G =exp [gﬁberi"' (hsignaf—hl)L M Py (}"l)l’ef(}"l )J

where g, . 1s the power normalized peak Raman gain coet-
ficient of fiber span 108, and r(A,,,.;_,) 1s the relative gain
coeflicient at the wavelength separation A, ., , . LA\ ) 1s
the effective fiber length at wavelength A, which 1s calculated
as L (A )=(1-exp(—a(r)*Lspe, ) (A, ), Where L, 1s the
length of the fiber span and a(A,) 1s the fiber attenuation
coellicient at wavelength A, . In practice the value of G,=L/
L,. The power meter measurements provide a value G, to
Raman gain control unit 114.

Step 214 of the method entails measuring the gain, G, of a
fiber span due to a second Raman pump laser 104. Raman
pump laser 102 1s now turned off, and Raman pump laser 104,
operating at wavelength A, 1s turned on with power P, (A,).
The power ol the optical signal 1s again measured with optical
power meter 112 and optical power meter 122. The loss 1n the
fiber span 1s now calculated as L ,=P,/P,. Due to the gain {from
the Raman pump laser 102, L, 1s smaller than L,. After
coupling losses L_(A,), the Raman pump power coupled nto
fiber span 108 1s L _(A, )P, (A, ). Theoretically, the Raman gain
due to the presence of Raman pump laser 104 1s given by the
CXpression:

G,=exp L%’ fiber! (}"sfgnaf_}“E)LC(}“E)PL(}‘Q)Leﬁ(}‘ﬂ)J

where g, 1s the power normalized peak Raman gain coet-
ficient of fiber span 108, and r(A,,,,,,—A,) 1s the relative gain
coetflicient at the wavelength separation A, ., ;. L A*,) 18
the effective fiber length at wavelength A, which 1s calculated
as L, {A,)=(1-exp(—o(r,)*Lg,., ) aA,), where L, 1s the
length of the fiber span and a(A,) 1s the fiber attenuation
coellicient at wavelength A,. In practice, G,=L,/L,. The
power meter measurements provide a value G, to Raman gain
control unit 114.

Step 216 of the method entails Calculating relative cou-
pling losses of first Raman pump laser and second Raman
pump laser from G, and G,. From G, and G,, Raman gain
control unit 114 will now calculate the ratio between the
coupling and fiber losses for the two pump wavelengths:

Legr (A1) Lc(Ay)
Lo (A)Le(Ap)

In(G1) HAsignat — A1) Pr(Ar)
In(G2) r(Asignat — A2) Pr(Az)

“r” 1s the Raman coeflicient and 1s taken as a known value
which 1s independent of fiber type. Step 218 of the method
entails Adjusting relative power 1n first and second Raman
pump lasers for an advantageous gain spectral profile. Raman
gain control unit 114 will use this loss ratio to adjust the
relative power ol Raman pump laser 102 to Raman pump
laser 104 to yield a correct power ratio 1n fiber span 108 to
achieve a flat Raman gain spectrum. The optimum ratio of the
pump powers 1s determined based on simulations. These
ratios depend on the fiber type, the wavelength range, span
lengths and other parameters. The method described 1n the
application 1s used to ensure that these power ratios are true at
the mput to the fiber and also takes into account varying
wavelength dependent span losses.

As will be clear to one skilled in the art, 111t 1s advantageous
produce a tilted Raman gain spectrum, with higher gain at
either A, or A, then Raman gain control unit 114 can be
programmed to adjust the relative powers to provide a tilted
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Raman gain spectrum. Additional Raman pump lasers, and
additional G measurements provide additional data to Raman
control umt 114 and may be used to provide more compli-
cated Raman spectral gain profiles.

While this invention has been described in reference to
illustrative embodiments, this description 1s not intended to
be construed 1 a limiting sense. Various modifications and
combinations of the illustrative embodiments, as well as other
embodiments of the mvention, will be apparent to persons
skilled 1n the art upon reference to the description. It 1s there-
fore intended that the appended claims encompass any such
modifications or embodiments.

The mvention claimed 1s:

1. A processor-readable medium having processor-execut-
able 1nstructions that, when executed by a processor, cause
the performance of:

transmitting a {irst Raman pump signal at a first wavelength

in a fiber span via a first Raman pump laser;
measuring a {irst gain of an optical signal due to the first
Raman pump signal;

turning oif the first Raman pump laser;

transmitting a second Raman pump signal at a second
wavelength 1n the fiber span via a second Raman pump
laser;

measuring a second gain of the optical signal due to the

second Raman pump signal;

calculating a loss ratio based at least 1n part on a first

coupling loss due to the first Raman pump signal and a
second coupling loss due to the second Raman pump
signal; and

adjusting a power of at least one of the first or second

Raman pump lasers in accordance with the calculated
loss ratio to achieve a desired Raman gain spectrum.

2. The processor-readable medium of claim 1, wherein the
desired Raman gain spectrum 1s predominantly flat across a
spectral range.

3. The processor-readable medium of claim 1, wherein the
desired Raman gain spectrum 1s predominantly tilted across a
spectral range.

4. The processor-readable medium of claim 1 having fur-
ther processor-executable 1nstructions for performing auto-
matically adjusting the power of at least one of the first or
second Raman pump lasers in accordance with the calculated
loss ratio to achieve the desired Raman gain spectrum.

5. The processor-readable medium of claim 1 having fur-
ther processor-executable instructions for performing mea-
suring at least one power of the optical signal with the first and
second Raman pump lasers turned off.

6. The processor-readable medium of claim 5 having fur-
ther processor-executable instructions for performing calcu-
lating a loss associated with the fiber span based on the at least
one power measurement.

7. The processor-readable medium of claim 1 having fur-
ther processor-executable instructions for performing mea-
suring at least one power of the optical signal with the first
Raman pump laser turned on and the second Raman pump
laser turned off.

8. The processor-readable medium of claim 7 having fur-
ther processor-executable instructions for performing calcu-
lating a loss associated with the fiber span based on the at least
one power measurement.

9. The processor-readable medium of claim 1 having fur-
ther processor-executable instructions for performing mea-
suring at least one power of the optical signal with the first
Raman pump laser turned oif and the second Raman pump
laser turned on.
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10. The processor-readable medium of claim 9 having fur-
ther processor-executable 1nstructions for performing calcu-
lating a loss associated with the fiber span based on the at least
one power measurement.

11. The processor-readable medium of claim 1, wherein
the loss ratio 1s further based on a first fiber loss associated
with the first wavelength and a second fiber loss associated
with the second wavelength.

12. The processor-readable medium of claim 1, wherein
the optical signal counter-propagates with the first and second
Raman pump signals.

13. The processor-readable medium of claim 1, wherein
the optical signal co-propagates with the first and second
Raman pump signals.

14. A processor-readable medium having processor-ex-
ecutable instructions that, when executed by a processor,
cause the performance of:

measuring a first gain of an optical signal on a fiber span

based on a first Raman pump laser;

measuring a second gain of the optical signal on the fiber

span based on a second Raman pump laser;

calculating a loss ratio based at least in part on a first

coupling loss due to the first Raman pump laser and a
second coupling loss due to the second Raman pump
laser; and

adjusting at least one of the first and second Raman pump

lasers m accordance with the calculated loss ratio to
achieve a desired Raman gain spectrum,

wherein the first gain 1s measured with the second Raman

pump laser turned off and the second gain 1s measured
with the first Raman pump laser turned off.

15. The processor-readable medium of claim 14 having
further processor-executable instructions for performing
determining the first and second gains based on an inherent
loss 1n the fiber span.

16. The processor-readable medium of claim 14, wherein
the adjusting 1s further based on the fiber span, a wavelength
range, or a length of the fiber span.

17. The processor-readable medium of claim 14 having
further processor-executable instructions for performing
transmitting a first Raman pump signal having a first wave-
length and a second Raman pump signal having a second
wavelength via the first and second Raman pump lasers,
respectively.

18. The processor-readable medium of claim 14 having
further processor-executable instructions for performing
measuring at least one power of the optical signal with the
first and second Raman pump lasers turned off.

19. The processor-readable medium of claim 18 having
turther processor-executable instructions for performing cal-
culating a loss associated with the fiber span based on the at
least one power measurement.

20. The processor-readable medium of claim 14 having
further processor-executable instructions for performing
measuring at least one power of the optical signal with the
first Raman pump laser turned on and the second Raman
pump laser turned off.

21. The processor-readable medium of claim 20 having
turther processor-executable istructions for performing cal-
culating a loss associated with the fiber span based on the at
least one power measurement.

22. The processor-readable medium of claim 14 having
further processor-executable instructions for performing
measuring at least one power of the optical signal with the
first Raman pump laser turned off and the second Raman
pump laser turned on.
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23. The processor-readable medium of claim 22 having
turther processor-executable instructions for performing cal-
culating a loss associated with the fiber span based on the at
least one power measurement.

24. The processor-readable medium of claim 14 wherein
the loss ratio 1s further based on a first fiber loss associated

with the first Raman pump laser and a second fiber loss
associated with the second Raman pump laser.

25. A processor-readable medium having processor-ex-
ecutable instructions that, when executed by a processor,
cause the performance of:

measuring a {irst loss associated with an optical signal with
a first Raman pump laser and a second Raman pump

[l

laser turned off;

measuring a second loss associated with the optical signal
with the first Raman pump laser turned on and the sec-

ond Raman pump laser turned off;

measuring a third loss associated with the optical signal
with the first Raman pump laser turned off and the sec-
ond Raman pump laser turned on;

calculating a loss ratio based at least 1n part on the first,
second and third measured losses; and
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adjusting at least one of the first or second Raman pump
lasers 1n accordance with the calculated loss ratio to
achieve a desired Raman gain spectrum.

26. The processor-readable medium of claim 25 having
turther processor-executable instructions for performing cal-
culating a gain of the first Raman pump laser based on the first
and second measured losses.

277. The processor-readable medium of claim 235 having
turther processor-executable instructions for performing cal-
culating a gain of the second Raman pump laser based on the
first and third measured losses.

28. The processor-readable medium of claim 235 having
further processor-executable instructions for performing
transmitting a first Raman pump signal at a first wavelength
via the first Raman pump laser and transmitting a second
Raman pump signal at a second wavelength via the second
Raman pump laser.

29. The processor-readable medium of claim 25, wherein
the first, second and third measured losses are each measured
via a first power meter and a second power meter, and wherein
the first and second power meters are located at a first end and
a second end of a fiber span, respectively.
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